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John S. Gilleard,*,1 Yasmin Shafi,† J. David Barry,†
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Canada T2N 4N1; and †Wellcome Unit of Molecular Parasitology, Anderson College,
niversity of Glasgow, 56 Dumbarton Road, Glasgow G11 6NU, United Kingdom
e have identified a gene encoding a new member of the Caenorhabditis elegans GATA transcription factor family, elt-3.
The predicted ELT-3 polypeptide contains a single GATA-type zinc finger (C-X2-C-X17-C-X2-C) along with a conserved
adjacent basic region. elt-3 mRNA is present in all stages of C. elegans development but is most abundant in embryos.
Reporter gene analysis and antibody staining show that elt-3 is first expressed in the dorsal and ventral hypodermal cells,
and in hypodermal cells of the head and tail, immediately after the final embryonic cell division that gives rise to these cells.
No expression is seen in the lateral hypodermal (seam) cells. elt-3 expression is maintained at a constant level in the
epidermis until the 2½-fold stage of development, after which reporter gene expression declines to a low level and
endogenous protein can no longer be detected by specific antibody. A second phase of elt-3 expression in cells immediately
anterior and posterior to the gut begins in pretzel-stage embryos. elt-1 and lin-26 are two genes known to be important in
pecification and maintenance of hypodermal cell fates. We have found that elt-1 is required for the formation of most, but
ot all, elt-3-expressing cells. In contrast, lin-26 function does not appear necessary for elt-3 expression. Finally, we have
haracterised the candidate homologue of elt-3 in the nematode Caenorhabditis briggsae. Many features of the elt-3
enomic and transcript structure are conserved between the two species, suggesting that elt-3 is likely to perform an
volutionarily significant function during development. © 1999 Academic Press
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aINTRODUCTION
The Caenorhabditis elegans epidermis (traditionally re-
ferred to as the hypodermis) is the tissue primarily respon-
sible for determining the organism’s shape. During morpho-
genesis, changes in hypodermal cell shape drive elongation
of the spheroidal embryo into a long thin worm (Priess and
Hirsh, 1986). The hypodermis also synthesises and secretes
the collagenous exoskeleton, the cuticle, which maintains
the shape of the worm throughout subsequent develop-
1 To whom correspondence should be addressed at the Depart-
ment of Biochemistry and Molecular Biology, Health Sciences
Centre, Room 2233, 3330 Hospital Drive, N.W., Calgary, Alberta,
Canada T2N 4N1. Fax: (403) 270-0737. E-mail: gilleard@acs.
ucalgary.ca.
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All rights of reproduction in any form reserved.ent. We are interested in understanding the gene regula-
ion that underlies both of these processes.
A number of maternally expressed genes control the early
symmetric cell divisions of the C. elegans embryo, giving
rise to the founder cells AB, E, MS, C, D, and P4, each of
which goes on to produce a specific set of cell types
(Schnabel and Priess, 1997; Bowerman, 1998). Hypodermal
cells are derived from two of these founder cells, AB and C;
maternally expressed genes that are necessary to specify the
fate of AB and C are, as a result, also required for the
production of hypodermal cells. However, little is known
regarding the molecular mechanisms by which hypodermal
cell types are generated from these founder cells. At the
moment, only two zygotic genes, elt-1 and lin-26, have been
shown to be involved in the specification and/or mainte-
nance of hypodermal cell fates in the C. elegans embryo
(Labouesse et al., 1996; Page et al., 1997). The elt-1 gene
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266 Gilleard et al.encodes a GATA-type transcription factor that is involved
in the specification of hypodermal cell fates (Page et al.,
1997). In elt-1 mutant embryos, hypodermal precursor cells
appear to undergo a change in fate to nonhypodermal cell
types such as neuron or muscle cells. The lin-26 gene
encodes a putative transcription factor containing multiple
Cys/His-type zinc fingers and appears to be involved in the
maintenance of all nonneuronal ectodermal cell fates
(Labouesse et al., 1994, 1996). In lin-26 mutant embryos,
hypodermal cells either degenerate or, more rarely, express
neuronal cell fates. At present, the mechanisms by which
these two genes function are unknown, as are the identities
of the genes they regulate.
Since the GATA-type transcription factor elt-1 has been
shown to be necessary for the early specification of hypo-
dermal cell fates, it seemed possible that additional GATA
factors might function later in hypodermal development.
This possibility is suggested from work on both vertebrates
and C. elegans showing that multiple GATA factors are
often involved in the control of differentiation and lineage-
specific gene expression of a single tissue type. In verte-
brates, differentiation of specific haematopoietic cell lin-
eages involves GATA-1, -2, and -3 (Orkin, 1995) and cardiac
and gut development involves GATA-4, -5, and -6 (Jiang and
Evans, 1996; Kuo et al., 1997; Molkentin et al., 1997).
Development of the C. elegans endoderm involves at least
three GATA factors: elt-2, end-1, and end-3 (Hawkins and
McGhee, 1995; Zhu et al., 1997; Fukushige et al., 1998; Joel
Rothman, personal communication). It has previously been
shown that expression of the cuticle collagen gene dpy-7
may depend on a GATA binding site (Gilleard et al., 1997).
Since ELT-1 is not present in hypodermal cells at the time
of dpy-7 expression (Page et al., 1997; Gilleard et al., 1997),
the presence of at least one other hypodermal GATA factor
besides elt-1 is implied.
In this paper, we report the cloning and characterisation
of a gene encoding a new hypodermally expressed GATA
factor that we have named elt-3. We show that, with the
exception of the lateral (seam) cells and a few specialised
hypodermal cells in the head, elt-3 is expressed in all
hypodermal cells immediately after their birth in the em-
bryo. The possible roles of elt-3 in the regulation of hypo-
dermal development and function are discussed.
MATERIALS AND METHODS
Molecular Biology
Cloning the C. elegans elt-3 gene. cDNA synthesis and RT-
PCR were performed as previously described (Johnstone and Barry,
1996; Larminie and Johnstone, 1996). Two nested degenerate
antisense primers corresponding to conserved regions of vertebrate
and invertebrate GATA factor DNA binding domains were synthe-
sised and used in conjunction with the SL1 primer (59GGTTTA-
ATTACCCAAGTTTGAG39) (Krause and Hirsh, 1987) for consecu-
tive rounds of PCR using mixed-stage cDNA as template. The first
degenerate primer was 2048-fold redundant (59[G/A]TAIA[G/
Copyright © 1999 by Academic Press. All rightA]ICC[A/G]CAIGC[A/G]TT[A/G]CA39) and corresponded to the
complement of amino acid sequence CNACGLY; the second
nested degenerate primer was 8192-fold redundant (59ICC[T/
]TCI[C/G]C[G/A]TTIC[T/G]IC[T/G]CCA39) and corresponded to
he complement of amino acid sequence WRRN[A/G]EG. PCR was
erformed for 35 cycles of 94°C for 30 s, 48°C for 1 min, and 72°C
or 2 min; the products of the first round of PCR were diluted
000-fold before being used as template for the second round of
CR. A 600-bp PCR product was subcloned into the pTAG vector
Novagen, Inc.) and sequenced to reveal a new GATA zinc finger
ene. The cloned fragment was labelled with [a-32P]dCTP by
random priming and used to screen 200,000 pfu of a Lambda ZAP
mixed-stage cDNA library, kindly supplied by Dr. R. Barstead
(Barstead and Waterston, 1989). Hybridisation was performed over-
night at 65°C in 63 SSC (13 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)–53 Denhardt’s solution–0.1% SDS–100 mg/ml
onicated herring sperm DNA. The final wash was with 0.13
SC–0.1% SDS at 65°C. Six hybridising clones were isolated and
he inserts of the rescued pBluescript plasmids were sequenced.
ive of these clones were identical, including their 59 end points
and numbers of A’s in the poly(A) tail, suggesting that they may
have originated from a single l clone during secondary amplifica-
tion of the original library. This cDNA, designated transcript A,
consists of 1253 bp excluding the poly(A) tail (Fig. 1). A single
cDNA clone, designated transcript B, differed from the five identi-
cal transcript A clones by the presence of an additional 6 nucleo-
tides (CTCAAG) following base 126 of the transcript A sequence.
This insertion likely derives from an alternative splicing event at
the first intron as will be described under Results. The single
transcript B cDNA clone ends at base 988 of the transcript A
sequence (Fig. 1). For the following reasons, we believe this
truncation reflects mispriming of the oligo(dT) primer during
construction of the cDNA library: (i) the truncation site corre-
sponds to a region of the elt-3 sequence that is particularly rich in
A residues (18 of 24 residues are A), (ii) the major amplified product
of 39 RACE experiments (Frohman et al., 1988) has a polyadenyla-
tion site corresponding to the position of that in transcript A and no
products were amplified that corresponded to polyadenylation at
base 988, and (iii) no signal corresponding to a smaller transcript is
seen on Northern blots (see Fig. 3 below).
RT-PCR (Larminie and Johnstone, 1996) was performed on
mixed-stage RNA to amplify the 59 end of the elt-3 transcript and
to determine the relative abundance of transcripts A and B. Primer
elt3/5 (59AGTTTGACATTGTTGTGTATG39), an antisense
primer internal to the gene, was used in conjunction with either
SL1 primer (59GGTTTAATTACCCAAGTTTGAG39) or SL2
primer (59GGTTTTAACCCAGTTACTCAAG39) (Spieth et al.,
1993). The 470-bp PCR product obtained with elt3/5 and SL1
primers was subcloned into the pTAG vector (Novagen, Inc).
Isolation of a C. briggsae elt-3 genomic clone. A radiolabelled
probe, corresponding to the first 450 bp of the C. elegans elt-3
cDNA, hybridised only to elt-3 fragments on Southern blots of C.
elegans genomic DNA washed at a final stringency of 55°C and 23
SSC. With Southern blots of C. briggsae genomic DNA, the
hybridisation pattern produced by this same probe at the same
stringency was consistent with the detection of a single-copy C.
briggsae elt-3 gene (data not shown). The same probe and hybridi-
sation conditions were used to screen 300,000 pfu of a C. briggsae
genomic library (l Charon 4, kindly supplied by D. Baillie and T.
Snutch) and a single positive phage clone was isolated. A hybridis-
ing 5-kb ClaI/EcoRI fragment was subcloned into pBluescript SK(2)
and sequenced on both strands. The genomic C. briggsae elt-3
s of reproduction in any form reserved.
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267Caenorhabditis elegans elt-3 Epidermal GATA Factorclone did not include the expected polyadenylation site and so the
C. briggsae elt-3 cDNA was amplified using a 39 RACE procedure
(Frohman et al., 1988). cDNA and genomic sequences were com-
pared to determine intron/exon structure.
Northern blotting and RT-PCR. Total RNA was prepared from
mixed-staged populations of C. elegans (Wood, 1988) and poly(A)1
RNA isolated using the Poly (A) Quik mRNA purification kit
(Stratagene). For Northern blots, 10 mg of total RNA or 1 mg of
oly(A)1 RNA was electrophoresed on a 1% agarose/formaldehyde
el and blotted and probed as described by Sambrook et al. (1989).
he blots were probed with a 315-bp fragment, amplified by PCR
rom elt-3 cDNA with primers elt3/7 (ACGATGAACGATTATC-
AGTGG) and elt3/5 (AGTTTGACATTGTTGTGTATG), and
adiolabelled by random priming. In order to estimate the loading
f each sample, Northern blots were also probed with a fragment of
DNA encoding the constitutively expressed C. elegans eIF-4A-
FIG. 1. (A) Sequence of elt-3 cDNA (transcript A): translation is s
ype B transcript is shown below amino acid 15 of the type A tra
ollowed by the number of nucleotides in each intron. The shaded r
NA binding domain with the corresponding region from several
LT-1). Residues identical to those in ELT-3 are shaded. The spec
inding domain are shown at the right of each sequence.ike gene (Roussell and Bennett, 1992). Semiquantitative RT-PCR
as performed precisely as described by Larminie and Johnstone
o
f
Copyright © 1999 by Academic Press. All right1996). Primers specific for the constitutively expressed gene ama-1
ere included in each RT-PCR to serve as an internal control
Larminie and Johnstone, 1996).
Construction of elt-3 reporter genes. Fragment F1 (Fig. 3,
elow) was amplified by PCR from cosmid K02B9, using primers
lt3/10 (ACGTCTGCAGCATCCACAATAATTGAAAGC) and
lt3/1 (ATCTTTTCTAAGAGACAGTGGACG) and cloned into
he C. elegans expression vectors pPD22-11 (Fire et al., 1990 ) and
PD95-07 (A. Fire, J. Ahnn, G. Seydoux, and S. Xu, personal
ommunication) following digestion with PstI and SmaI. Fragment
2, generated by digestion of fragment F1 with SalI, was cloned into
he SalI/SmaI sites of vectors pPD22-11 (Fire et al., 1990) and
PD95-07 and pPD95-70 (A. Fire, J. Ahnn, G. Seydoux, and S. Xu,
ersonal communication). Fragment F3 was generated by a SalI/
alI digestion of fragment F1 and cloned into the corresponding
ites of vector pPD95-79. The GFP in-frame insertion construct (F4
below nucleic acid sequence. The 3-amino-acid difference in the
ipt sequence. The positions of introns are marked by arrowheads
es indicate the DNA binding domain. (B) Comparison of the ELT-3
r GATA factors (the C-terminal finger for GATA-1, GATA-4, and
f origin and the proportion of residues with identity to the ELT-3hown
nscr
esidu
othen Fig. 3) was made as follows: a 5952-bp SalI/StuI genomic
ragment encompassing the elt-3 gene was excised from cosmid
s of reproduction in any form reserved.
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268 Gilleard et al.K02B9 and cloned into pBluescript SK(2). The resulting plasmid
was linearised with MscII, and the GFP coding sequence, which had
been excised with Ecl136II from plasmid pPD119-16 (A. Fire, J.
Ahnn, G. Seydoux, and S. Xu, personal communication), was
cloned into this MscII site creating an in-frame insertion.
C. elegans transformation. The reporter gene constructs were
injected into N2 hermaphrodites together with plasmid pRF4 as a
visible transformation marker (Mello et al., 1991); at least three
(usually more) transgenic lines carrying extrachromosomal arrays
were generated for each construct. To establish that the observed
expression pattern was not influenced by regulatory sequences of
the cotransformed pRF4 plasmid (which encodes a mutant collagen
gene), constructs containing fragment F2 were also injected into
lin-15(n765ts) hermaphrodites together with the rescuing plasmid
pL15EK (kindly supplied by Michael Koelle); at least two indepen-
dent transgenic lines carrying extrachromosomal arrays were ex-
amined for each construct. In addition, fragment F2 in vector
pPD95-67 was injected by itself into N2 hermaphrodites and the F1
progeny were examined. In all cases, the identical expression
pattern was produced. A strain was also produced in which an
extrachromosomal array containing fragment F2 in pPD95-67 was
randomly integrated into the X chromosome by g irradiation (Egan
et al., 1995). Chromosomal integration reduced the mosaicism of
the expression pattern and allowed a more accurate analysis of the
time of onset of reporter gene expression.
ELT-3 antibody production and immunostaining. A 722-bp
fragment, amplified by PCR from elt-3 cDNA using primers elt3/8b
(ACTGCCCGGGAAGGACTCTCAACTTTCCGTGA) and elt3/9
(TCGAAAGCTTGGGAAATTAGACAACTAAAATTGC), was di-
gested with SmaI and HindIII and cloned into the polylinker of the
“63 His-tag” expression vector PQE32 (Qiagen). An 824-bp frag-
ment was amplified from elt-3 cDNA using primers elt3/8b and
elt3/4 (TAGGTATCAAGTTTCAGTCGTG), digested with SmaI
and EcoRI, and cloned into the polylinker of the GST expression
vector pGEX3X (Pharmacia Biotechnology). In these two con-
structs, the ELT-3 polypeptide, from the second amino acid to the
stop codon, is fused at its N-terminus to the 63 His-tag or to GST,
respectively. Expression of 63 His-tag/ELT-3 fusion protein was
induced and then purified using a nickel-agarose affinity column
following the manufacturer’s instructions. After further purifica-
tion by SDS–PAGE, the fusion protein was used to immunise
rabbits following standard procedures (Harlow and Lane, 1988). The
GST/ELT-3 fusion protein was purified from bacteria as inclusion
bodies (Way et al., 1990), electrophoresed, and transferred onto a
nitrocellulose membrane and used to affinity purify ELT-3-specific
antibodies (Harlow and Lane, 1988).
Immunostaining was performed on embryos as described by
Miller and Shakes (1995) and on postembryonic stages as described
by Finney and Ruvkun (1990). Briefly, affinity-purified anti-ELT-3
antibodies (at a 1:2 to 1:5 dilution) were incubated with fixed
embryos overnight, washed, and incubated with Cy3-labelled don-
key anti-rabbit IgG (Jackson ImmunoResearch Laboratories) sec-
ondary antibody (1:100 dilution) for 2 h at room temperature,
followed by extensive washing. When used for immunofluores-
cence, the affinity-purified ELT-3 antiserum appears to be specific
for the endogenous ELT-3 protein based on the following criteria.
First, a GST/ELT-3 fusion protein was used to affinity purify
antibodies from antisera raised against a 63 His-Tag/ELT-3 fusion
protein. Second, immunofluorescence staining was eliminated by
preincubation of this purified antibody with GST/ELT-3 fusion
protein but not by preincubation with an unrelated GST fusion
protein. Third, a strain overexpressing ELT-3 from extrachromo-
g
fi
Copyright © 1999 by Academic Press. All rightsomal arrays showed intense staining in the expected proportion of
embryos and in the expected pattern. Fourth, the tissue distribu-
tion of antibody staining precisely matches that of the elt-3
reporter genes. The only exception to this last statement is that
antibody staining is seen in the lumen of the pharynx between the
pharyngeal bulbs of postembryonic stages. We believe this is due to
a cross-reactive epitope on an unrelated molecule, since no pha-
ryngeal expression is seen with elt-3 reporter genes and a transcrip-
tion factor would not be expected to be present in the pharyngeal
lumen.
RESULTS
Cloning and Characterisation of the elt-3 Gene
The elt-3 gene was cloned by PCR using degenerate
primers as described under Materials and Methods. As
shown in Fig. 1A, an ORF beginning at the most 59 ATG
encodes a predicted polypeptide that includes a single
GATA-type zinc finger (C-X2-C-X17-C-X2-C) with an adja-
cent basic region, characteristics of the DNA binding do-
main of the GATA transcription factor family (Fig. 1B). The
gene was named elt-3 following nomenclature established
with the previously identified C. elegans GATA factors
elt-1 and elt-2 (Eryf1-like transcription factor) ( Spieth et al.,
1991; Hawkins and McGhee, 1995).
The elt-3 gene produces two alternative transcripts: tran-
cript B differs from transcript A by the insertion of 6
ucleotides (CTCAAG) following base pair 126. As shown
n Fig. 1, this insertion replaces a C residue with the
esidues SQG near the N-terminus of the predicted polypep-
ide. This 6-bp insertion occurs at the first intron junction
nd apparently results from a splicing event in which an
lternative 39 splice acceptor site is utilised (see Fig. 7D
elow). To determine the relative abundance of transcripts
and B, we amplified the 59 end of the elt-3 transcript by
CR from mixed-stage cDNA using the SL1 primer and
rimer elt3/5 (an antisense primer corresponding to se-
uence in the fourth exon). One band of approximately 470
p in length was amplified and cloned. Of 15 plasmid
nserts sequenced, 9 corresponded to the type A transcript
nd 6 corresponded to the type B transcript. This RT-PCR
xperiment was repeated and of 10 cloned inserts, 6 corre-
ponded to transcript A and 4 to transcript B. We conclude
hat transcripts A and B are of approximately equal abun-
ance in mixed-stage RNA. All amplified products were
L1 trans-spliced at the same position; no amplification
roduct was obtained when an SL2 primer was used in
onjunction with the elt3/5 primer (data not shown).
After we had identified the elt-3 cDNAs, the C. elegans
enome consortium sequenced the corresponding genomic
ocus, which lies on the right arm of the X chromosome
cosmid K02B9). When C. elegans genomic Southern blots
re probed at high stringency (65°C, 0.13 SSC) with a
ull-length elt-3 cDNA probe, only bands corresponding to
his locus are detected (data not shown). Comparison of
enomic and cDNA sequence shows the gene to contain
ve introns, ranging in size from 46 to 459 bp, all of which
s of reproduction in any form reserved.
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269Caenorhabditis elegans elt-3 Epidermal GATA Factorare bounded by consensus splice donor and splice acceptor
sequences. A predicted splice acceptor site (TTGCAG)
corresponds to the SL1 splice site determined by RT-PCR.
One noteworthy feature of the elt-3 genomic sequence is
the presence of nine WGATAR sites (seven of which are
TGATAA) in the 59 flanking region; seven of the nine sites
cluster between 1328 and 1093 bp upstream of the trans-
splice acceptor site. Similar clusters of WGATAR sites have
been noted upstream of both elt-1 (Spieth et al., 1991) and
elt-2 (Hawkins and McGhee, 1995). Hence it is possible that
elt-3 is involved in autoregulation and/or cross regulation
between different GATA factors. Autoregulation of elt-2
has been demonstrated experimentally (Fukushige et al.,
1998).
As noted above, the predicted ELT-3 polypeptide contains
a single (C-X2-C-X17-C-X2-C)-type zinc finger and an adja-
cent basic region that defines the DNA binding domain of
the GATA transcription factor family (Orkin, 1995). Figure
1B shows a comparison between the ELT-3 polypeptide
sequence and a number of selected invertebrate and verte-
brate GATA factors. The ELT-3 DNA binding domain is
marginally more similar to GATA factors expressed in the
C. elegans or Drosophila ectoderm (elt-1, 30/50 residues 5
0% identity, and pannier, 29/50 residues 5 58% identity)
han it is to those expressed in endoderm (elt-2, 27/51
esidues 5 53% identity, and serpent, 27/50 residues 5 54%
dentity). However, the significance of such small differ-
nces is questionable. The C. elegans genome sequencing
onsortium has recently identified a number of new se-
uences that fit the GATA zinc finger consensus. With the
enome sequence essentially completed (and providing
hese new sequences turn out to encode transcribed genes),
he C. elegans GATA factor family consists of at least 10
embers. None of the new GATA zinc fingers appear to be
ignificantly more closely related to that of ELT-3 than any
f the others (data not shown).
There are two consensus nuclear localisation signals
NLS) in the ELT-3 polypeptide (identified by PSORT (Na-
ai and Kanehisa, 1992)); one resides within the DNA
inding domain (residues 187–204) and is a bipartite NLS as
rst described in Xenopus by Robbins et al. (1991). The
econd NLS (PMKKRMA) lies between residues 137 and
43 and is of a type found in the SV40 large T antigen (Hicks
nd Raikhel, 1995). One unusual feature of the ELT-3
olypeptide is that it terminates shortly after the DNA
inding domain, whereas all previously described GATA
actors have a C-terminal extension. Indeed, a transcrip-
ional activation domain has been mapped to the
-terminal domain of the ELT-1 polypeptide (Shim et al.,
995).
elt-3 mRNA Abundance during C. elegans
Development
Total RNA was prepared from mixed-stage animals, em-
bryos, and L4 larvae and probed on a Northern blot with a
radiolabelled fragment corresponding to the full-length elt-3
Copyright © 1999 by Academic Press. All rightDNA (Fig. 2A). In each RNA sample, a single band of
pproximately 1.3 kb was detected, consistent with the size
redicted from the cDNA data presented above. The message
s of much higher abundance in embryo RNA than in mixed-
tage or L4 RNA. Semiquantitative RT-PCR was performed
n RNA prepared from L1, L2, L3, L4, and immature adult
tages using the method described by Johnstone and Barry
1996) and Larminie and Johnstone (1996). elt-3 transcripts
ppear to be present at approximately the same abundance in
ach of the five postembryonic developmental stages (Fig. 2B).
ohnstone and Barry (1996) demonstrated that cuticle collagen
RNA oscillates throughout postembryonic development,
eaking once during each larval stage. Using the same semi-
uantitative PCR method on the same RNA samples, elt-3
RNA showed no such oscillation (data not shown; RNA
indly supplied by Iain Johnstone).
Expression Pattern of elt-3 Reporter Genes
FIG. 2. (A) Northern blot of C. elegans total RNA hybridised with
an elt-3-specific probe (approx 10 mg of RNA in each lane). Lane 1,
embryonic RNA; lane 2, mixed-stage RNA; lane 3, L4 RNA. Sizes
(nucleotides) and positions of RNA ladder are indicated on the left.
The bottom shows the same blot probed with a fragment of the C.
elegans eIF-4A-like gene (Roussell and Bennett,1992). (B) Postem-
bryonic stage-specific RT-PCR: PCR was performed using elt-3 and
ama-1 gene-specific primers on cDNA synthesised from RNA
isolated from specific C. elegans developmental stages L1, L2, L3,
L4, and immature adult (Ad). The PCR products were separated on
a 2% agarose gel, Southern blotted, and probed with an elt-3-
specific probe. Following autoradiography, the blot was stripped
and reprobed with an ama-1-specific probe. The two autoradio-
graphs are shown superimposed with the elt-3 and ama-1 products
indicated. Genomic and cDNA products for ama-1 can be distin-
guished by the product size due to the presence of an intron
between the primer sites. No genomic product was amplified for
elt-3 since one PCR primer corresponded to the SL1 trans-spliced
leader.In order to determine the elt-3 expression pattern, a
number of different elt-3 genomic fragments were cloned
s of reproduction in any form reserved.
M
w
e
t
e
r
s
r
c
o
t
4
e
fusio
270 Gilleard et al.into a variety of C. elegans reporter gene vectors (Fig. 3 and
aterials and Methods). Genomic fragments F1 and F2
ere used to produce translational fusions within the last
xon of elt-3 and included all the elt-3 intronic sequences as
well as 4494 and 1853 bp of 59 flanking sequence, respec-
ively. F1 and F2 were cloned into several C. elegans
xpression vectors encoding either b-galactosidase or GFP
eporter genes containing an SV40 nuclear localisation
ignal at the N-terminus. The nuclear localisation of these
eporter molecules aids in the identification of specific
ells.
Reporter gene expression is first detected in eight nuclei
n the posterior dorsal surface of the embryo, corresponding
o the position of the granddaughters of Cpaa and Caaa (Fig.
A). The time of onset of elt-3 reporter gene expression was
approximately 240 min after the first cell cleavage (embryos
allowed to develop at 20°C), which corresponds to the time
immediately after the cell division that gives rise to these
cells. At approximately 260 min after the first cleavage,
reporter gene expression is now also detected in nuclei on
the dorsal surface of the embryo, corresponding to the
position of the major hypodermal cells, and in six nuclei on
each ventrolateral aspect of the embryo, corresponding to
the position of the ventral hypodermal cells (P cells) (Figs.
FIG. 3. Schematic diagram of elt-3 genomic fragments cloned into
is counted as 21. Fragments F1 and F2 were cloned into lacZ repor
and S. Xu, personal communication) to create translational fusio
pPD95-03 and the GFP reporter gene vector pPD95-67. All of these
of the b-galactosidase or GFP polypeptide; this confers nuclear l
xpressing cells. Fragment F3, which includes only the first 28 amin
lacks the SV40 nuclear localisation signal; this allowed the accum
additional aid in the identification of individual cells. Genomic frag
inserted at position 1541 (relative to ATG) to produce an in-frame
Materials and Methods.4B and 4C). The identity of all cells expressing the reporter
gene construct can be most easily determined in comma-
Copyright © 1999 by Academic Press. All rightstage embryos (approx 350 min after first cleavage) (Figs.
4D, 4E, and 4F). At this stage, expression is seen in all the
dorsal (hyp-7) and ventral (P1/2–P11/12) hypodermal cells
in the main body region; expression is also seen in hypo-
dermal cells of the head (hyp-4, hyp-5, and hyp-6 ) and tail
( hyp-8, hyp-9, hyp-10, and hyp11) (Figs. 4D, 4E, and 4F). No
expression is seen in the lateral hypodermal cells (seam
cells; V1–V6, H0, H1, H2, and T) or the minor hypodermal
cells of the head (hyp-1, hyp-2, and hyp-3). An apparently
constant level of expression is maintained in these cells
throughout embryonic development up to the 2½-fold stage
(Figs. 4G and 4H). At the 3-fold stage, the level of expression
becomes significantly reduced and this reduced level of
expression is maintained throughout postembryonic devel-
opment and in the adult worm.
An additional check was made on the identity of the cells
expressing the elt-3 reporter genes by cloning fragment F3
(Fig. 3) into pPD95-77, a vector encoding GFP lacking the
SV40 nuclear localisation signal; the accumulation of GFP
in the cytoplasm of expressing cells enabled cell shape to be
visualised. The expression pattern produced by this con-
struct was entirely consistent with the expression patterns
seen with the nuclear-localised constructs. In particular,
and GFP reporter gene vectors. The nucleotide upstream of ATG
ene vectors pPD22-11 and pPD95-03 (A. Fire, J. Ahnn, G. Seydoux,
ragment F2 was also cloned into the lacZ reporter gene vector
tors encode an SV40 nuclear localisation signal at the N-terminus
sation to the reporter molecule and aids in the identification of
ds of the elt-3 polypeptide, was cloned into vector pPD95-77, which
ion of GFP in the cytoplasm of expressing cells and provided an
t F4 was cloned into pBluescript and a GFP open reading frame was
n with the elt-3 gene. Details of these constructs are given underlacZ
ter g
ns. F
vec
ocali
o aci
ulat
menthe absence of expression in the lateral hypodermis is
striking. As shown in Figs. 4I and 4J, the lateral hypodermal
s of reproduction in any form reserved.
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271Caenorhabditis elegans elt-3 Epidermal GATA FactorFIG. 4. GFP and lacZ elt-3 reporter gene expression patterns. Transgenic embryos carrying the following reporter gene constructs are
hown: (A to H) fragment F2 in vector pPD95-70 (see Fig. 3), (I, J, M, and N) fragment F3 in vector pPD95-79, (K and L) fragment F2 in vector
PD 95-07. Anterior is to the left in all photomicrographs. (A) Embryo at ;240 min post-first cleavage, dorsal plane of focus. (B) Embryo
t ;300 min post-first cleavage (lima bean), ventral plan of focus. Ventral hypodermal cells (P cells) are visible. (C) Same embryo as in B
ut dorsal plane of focus. (D) Comma-stage embryo (;350 min), left lateral plane of focus. Dorsal (hyp-7) and ventral (P-cells) hypodermal
ells are visible. (E) Same embryo as in D but midline plane of focus. Hypodermal cells of head and tail are visible. (F) Same embryo as in
but right lateral plane of focus. (G) 2½-fold embryo. (H) Same embryo as in G but shown with Nomarski optics. (I) Lateral plane of focus
f late comma-stage embryo. Non-nuclear-localised construct allows GFP to stain cell cytoplasm. Nonexpressing lateral hypodermal cells
seam cells) appear as dark areas between the fluorescent cells of the dorsal and ventral hypodermis. (J) L1 larvae expressing the
on-nuclear-localised construct. Seam cells appear as dark oval areas against fluorescing dorsal and ventral hypodermis. Intense
uorescence is seen immediately anterior and posterior to gut. (K) Adult animal expressing nuclear-localised lacZ construct. Five cells stain
mmediately posterior to gut (probably virL, virR, rect D, rect VL, and rect VR). (L) L4 larvae transformed with nuclear-localised lacZ
onstruct. Two cells stain immediately posterior to pharynx, probably the vpi3 cells. (M) Adult animal expressing non-nuclear-localised
FP construct. Cytoplasmic staining shows that the two cells form a ring between pharynx and gut. Hence both position and shape of cellsuggest they are the vpi3 pharyngeal–intestinal valve cells. (N) L4 animal expressing non-nuclear-localised GFP construct. Cytoplasmic
taining shows cells extend over posterior surface of the gut consistent with the position of virL, virR, rect D, rect VL, and rect VR.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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272 Gilleard et al.cells appear as dark areas surrounded by the fluorescent
dorsal and ventral hypodermis.
A later digestive-tract-specific component of the elt-3
expression pattern, produced by all of the above constructs,
is seen from the 3-fold stage of embryogenesis onward.
Expression is seen in two cells immediately anterior to the
gut (Fig. 7L). As revealed by the non-nuclear-localised
reporter gene expression, these cells form a symmetrical
ring between the pharynx and the gut (Fig. 4M) and are
likely to be the vpi3 cells of the pharyngeal–intestinal
valve. elt-3 is also expressed in five cells immediately
posterior to the gut. Four of these nuclei form a tight cluster
near the region of the anal sphincter and one of the nuclei is
slightly more dorsal and posterior in position (Figs. 4K and
4N). We believe these cells are the intestinal–rectal valve
cells (virL and virR) and the rectal epithelial cells (rect D,
rect VL, and rect VR) that form the junction between the
intestine and the rectum, but definitive identification has
not yet been possible.
To determine if the presence of the elt-3 39 UTR and
flanking sequence influences the expression pattern de-
scribed above, and to determine the subcellular location of
the ELT-3 polypeptide, we produced an in-frame insertion
of GFP directly into the second exon of the elt-3 genomic
fragment (see Fig. 3 above). This fragment extended from
1853 bp upstream of the ATG to 2213 bp downstream of the
TGA stop codon. The expression pattern produced in three
independent transgenic lines was indistinguishable from
that previously described. In addition, GFP fluorescence
was entirely restricted to cell nuclei, consistent with the
predicted role of elt-3 as a transcription factor (data not
shown).
Distribution of Endogenous ELT-3 Polypeptide
In general, reporter gene expression patterns in C. elegans
accurately reflect expression patterns of the endogenous
genes. However, it is not possible to be sure that all
regulatory sequences are included in a particular construct
and there are a number of examples in which incomplete
promoter regions produce ectopic reporter gene expression
(Aamodt et al., 1991; Krause et al., 1994; Egan et al., 1995).
Indeed, for the fkh-1/pha-4 gene, inclusion of as much as 7
kb of upstream sequence in reporter gene constructs still
does not precisely recapitulate the distribution of endoge-
nous RNA and protein (Azzaria et al., 1996; Kalb et al.,
1998). Hence, to determine the distribution of endogenous
ELT-3 protein, we raised polyclonal antisera against the
full-length ELT-3 polypeptide expressed in bacterial cells
(see Materials and Methods). Antibody staining was first
detected at approximately 240 min after first cleavage in the
nuclei of the same eight dorsal hypodermal cells that
expressed the reporter genes at the same stage of embryo-
genesis (Fig. 5A). Similarly, at the lima bean and comma
stages, precisely the same cell nuclei that expressed the
elt-3 reporter gene constructs also stained with antibody
(Figs. 5B, 5C, and 5D). At all stages, antibody staining was
Copyright © 1999 by Academic Press. All rightetected in cell nuclei and not in cytoplasm. In contrast to
he reporter gene expression, endogenous ELT-3 protein
ould not be detected in any hypodermal cells at stages later
han the 2½-fold stage. It is possible that elt-3 is not
xpressed in the hypodermis from the 2½-fold stage of
mbryogenesis onward and that the reporter gene expres-
ion seen in the later stages is due to reporter perdurance.
lternatively, it is possible that elt-3 continues to be
expressed in the hypodermis of later stages but at levels
below that detected by antibody. In situ hybridisation
methods are of low sensitivity for late-stage embryos and
larvae of C. elegans (Seydoux and Fire, 1995) and conse-
quently are not suitable for resolving this issue. Also, the
RT-PCR and Northern blot data of Fig. 2 do not shed light
on this matter since neither technique can distinguish
between elt-3 expression in the hypodermis and the second
hase of elt-3 expression in the digestive tract. Antibody
taining detects the second phase of elt-3 expression in cells
mmediately anterior and posterior to the gut (Fig. 5E),
onfirming the reporter gene results shown above.
elt-3 Expression in elt-1 and lin-26 Mutant
Embryos
We have examined the expression of elt-3 in embryos
mutant for two genes, elt-1 and lin-26, that are known to be
required for the specification and/or maintenance of hypo-
dermal cells. Both of these genes are expressed in hypoder-
mal precursor cells prior to elt-3 expression and so lie
potentially upstream of elt-3 in the regulatory pathway that
controls hypodermal cell development.
The elt-1 gene is necessary for the embryo to produce
hypodermal cells from each of the hypodermal precursor
blastomeres in the early embryo (Page et al., 1997). The
chromosomally integrated elt-3::GFP transgenic array was
crossed into a strain of genotype elt-1(zu180)unc-43(e408)/
unc-24(e1380)dpy-20(e1282) (kindly supplied by B. Page).
This strain segregates 25% elt-1(zu180) homozygotes,
which arrest without undergoing elongation (Page et al.,
1997). A small number of elt-3::GFP-expressing nuclei
(mean 5.1, SD 1.33, N 5 39) were visible in elt-1(zu180)
homozygous embryos beginning approximately 260 min
after the first cell cleavage (Figs. 6A and 6B). These nuclei
were generally smaller than normal hypodermal cells and
were always located in the posterior half of the embryo,
often at the outer margins. Reporter gene expression is
initiated in these cells at precisely the same time of
embryogenesis as occurs in hypodermal cells of wild-type
embryos. These cells do not represent the second phase of
elt-3 expression in cells anterior and posterior to the gut,
since this phase does not begin until the pretzel stage
(approximately 500 min after first cleavage). Indeed, this
second digestive tract phase of elt-3 expression is clearly
visible in elt-1(zu180) homozygous embryos examined after
10 h of development (data not shown). In conclusion, elt-1
is required for the production of most elt-3-expressing
s of reproduction in any form reserved.
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cells are still produced in the absence of elt-1 function.
The monoclonal antibody MH27 specifically binds to
adherens junctions in the cell membranes of hypodermal,
gut, and pharyngeal cells (Francis and Waterston, 1985).
Page et al. (1997) observed that a small number of MH27-
positive cells, not associated with the gut or pharynx, were
present in elt-1 mutant embryos and they speculated that
these might be minor hypodermal or neuronal support cells.
Our results suggest these are indeed hypodermal-like cells
since the elt-3-expressing cells present in elt-1 mutant
embryos from 260 min of embryogenesis also express the
target epitope of MH27 (Figs. 6C, 6D, and 6E).
The chromosomally integrated elt-3::GFP array was
crossed into a strain of genotype lin-26(mc15) unc-4(e120)/
FIG. 5. Staining of wild-type embryos and larva with affinity-puri
in after first cleavage, dorsal plane of focus. (B) Lima bean-sta
Comma-stage embryo (;350 min after first cleavage), left lateral pla
Arrows indicate staining of cell nuclei anterior and posterior to the
Materials and Methods).mnC1 (ML581, kindly supplied by M. Labouesse) (den Boer
et al., 1998). This strain segregates 25% lin-26(mc15) ho-
Copyright © 1999 by Academic Press. All rightmozygotes that arrest between the comma and the 1½-fold
stage of embryogenesis. The elt-3 GFP expression pattern in
lin-26(mn15) homozygotes was indistinguishable from that
of wild-type embryos up to the 1½-fold stage of embryogen-
esis (data not shown). The hypodermal expression of elt-3
declined to low levels in mutant embryos after approxi-
mately 450–500 min of development, just as elt-3 expres-
sion normally declines in wild-type embryos. Arrested
embryos examined after 10 h of development showed ex-
pression in nuclei immediately anterior and posterior to the
gut; i.e., the second phase of elt-3 expression was also
unaffected in the lin-26 null mutant embryos.
The Candidate Homologue of elt-3 in C. briggsae
LT-3-specific antibodies. Anterior is to the left. (A) Embryo at 240
bryo (;320 min after first cleavage), dorsal plane of focus. (C)
focus. (D) Same embryo as in C but right lateral aspect. (E) L1 larva.
taining of the pharyngeal lumen is suggested to be nonspecific (seefied E
ge em
ne ofThe evolutionary relation between the two nematode
species C. elegans and C. briggsae is such that intergenic
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274 Gilleard et al.and intronic sequences have diverged considerably but, for
many genes, coding sequence and regulatory elements have
been conserved (Xue et al., 1992; Kennedy et al., 1993;
Krause et al., 1994; Gilleard et al., 1997). Consequently,
identification of an elt-3 homologue in C. briggsae would
suggest evolutionary constraint and attendant functional
significance. In addition, comparative sequence analysis
FIG. 6. Expression of elt-3 GFP reporter gene construct in elt-1(z
nd B) elt-1(zu180) homozygous embryos expressing the chromoso
mbryo expressing the chromosomally integrated elt-3::GFP rep
ntiserum (Clontech) followed by FITC-conjugated donkey anti-ra
rrow indicates the fluorescent nuclei of two elt-3::GFP-expressing
H27 followed by Cy3-conjugated donkey anti-mouse polyclo
urrounding the elt-3::GFP-positive nuclei in C. Such rings of MH2
lt-1(zu180) mutant embryos. (E) Wild-type comma-stage embryo
onkey anti-mouse polyclonal antibody.may identify functionally important features of the gene.
A radiolabelled fragment, corresponding to the first 450
Copyright © 1999 by Academic Press. All rightbp of the C. elegans elt-3 coding sequence, was used to
probe genomic Southern blots of both C. elegans and C.
briggsae genomic DNA. At moderate stringency, the probe
hybridised to fragments in C. briggsae genomic DNA in a
manner consistent with the detection of a single-copy gene
while at the same time remaining specific for the C. elegans
elt-3 gene (data not shown). This probe was used at the
) mutant embryos. All embryos are ;350 min of development. (A
integrated elt-3::GFP reporter gene. (C) elt-1(zu180) homozygous
gene construct and stained with a rabbit anti-GFP polyclonal
polyclonal antibody (Jackson ImmunoResearch Laboratories). The
s. (D) Same embryo as in C but stained with monoclonal antibody
ntibody. The arrow indicates two small rings of fluorescence
ining could be seen surrounding most elt-3::GFP-positive nuclei in
ed with monoclonal antibody MH27 followed by Cy3-conjugatedu180
mally
orter
bbit
cell
nal a
7 stasame stringency to isolate a single positive phage clone
from a C. briggsae genomic library. A hybridising 5-kb
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275Caenorhabditis elegans elt-3 Epidermal GATA FactorClaI/EcoRI fragment was subcloned and sequenced. Com-
parison with the C. elegans elt-3 genomic sequence sug-
gested that the 5-kb C. briggsae genomic fragment extended
from 790 bp upstream of the first exon of elt-3 to approxi-
mately 114 bp upstream of the 39 end of the last exon. To
determine the intron/exon structure and to obtain the 39
end of the C. briggsae gene, RT-PCR 39 RACE (Frohman et
al., 1988) was used to amplify a putative full-length cDNA.
As shown in Fig. 7A, the genomic organisation of the C.
briggsae gene is similar to that of the C. elegans elt-3 gene.
Although the introns are generally larger in the C. briggsae
gene, the basic intron/exon structure is conserved between
the two species; each of the six exons of the C. elegans gene
are easily identified in C. briggsae on the basis of sequence
similarity and the precise conservation of splice donor and
acceptor site positions. However, the C. briggsae gene
contains an additional 54-bp exon (designated 3A) lying
between exon 3 and exon 4 of the C. elegans gene (Fig. 7).
Database searching did not identify any significant similari-
ties to the peptide sequence encoded by this exon.
The predicted ELT-3 polypeptide is 83.5% identical be-
tween the two species and there is 100% identity within
the DNA binding domain (Fig. 7B). Two additional unusual
features of the elt-3 transcript are conserved in both species.
First, the stop codon follows shortly after the DNA binding
domain in both species, i.e., unlike other GATA factors,
ELT-3 lacks a C-terminal domain. Second, the elt-3 39UTR
is long (488 bp in C. elegans and 608 bp in C. briggsae) and
contains a region of approximately 100 bp that is highly
conserved between the two species (Fig. 7C).
We also investigated whether the alternative splicing
event that occurs at the 39 splice acceptor site of the first
intron in the C. elegans gene also occurs in C. briggsae. The
genomic sequence of the 39 end of the first intron of C.
briggsae elt-3 contains a splice acceptor site (ATTACAG)
that is utilised in both of the two sequenced C. briggsae
cDNA fragments amplified by the 39 RACE/RT-PCR and
described above (Fig. 7D). However, the sequence CATGAG
occurs just 6 bp upstream of this site; this sequence is not a
commonly used 39 splice acceptor sequence in C. elegans
(Blumenthal and Steward, 1997), but splicing at this se-
quence would maintain the reading frame. To determine
whether this upstream site is utilised, an RT-PCR experi-
ment was performed, similar to that described for the C.
elegans gene. Two PCR fragments, independently amplified
from mixed-stage cDNA using SL1 and a gene-specific
antisense primer, were cloned and 12 plasmid inserts from
each cloning were sequenced. All 24 sequences corre-
sponded to the utilisation of the downstream splice accep-
tor site shown in Fig. 7 and we conclude that the alternative
splicing event seen in C. elegans does not occur in C.
briggsae. It is not clear if the existence of two alternative
elt-3 transcripts in C. elegans is functionally unimportant
or reflects some aspect of elt-3 function that differs between
the two species.
Copyright © 1999 by Academic Press. All rightDISCUSSION
elt-3 Encodes a C. elegans GATA Factor
The C. elegans elt-3 gene encodes a polypeptide that is
redicted to belong to the GATA transcription factor fam-
ly, which functions by binding to cis regulatory elements
ontaining a consensus (A/T)GATA(A/G) sequence (Orkin,
995). Endogenous ELT-3 protein is indeed located within
ypodermal cell nuclei consistent with a role as a transcrip-
ional regulator. GATA factors regulate diverse sets of
enes in a wide range of species including yeast, worms,
ies, and vertebrates. Processes regulated by members of
his transcription factor family include cellular differentia-
ion and lineage-specific gene expression (GATA-1, 2, and 3)
Orkin, 1995), cell proliferation (GATA-2) (Tsai et al., 1994;
sai and Orkin, 1997), and intercellular signalling during
orphogenesis (GATA-4) (Kuo et al., 1997; Molkentin et
l., 1997). Arguing by analogy, a variety of processes could
e regulated by elt-3 during hypodermal morphogenesis.
elt-3 Expression Reflects the Difference between
Dorsal/Ventral and Lateral (Seam) Hypodermal
Cells
elt-3 is expressed in all hypodermal cells except for the
seam cells and a few small specialised hypodermal cells of
the head. Expression is first detected within a few minutes
following the final embryonic cell division that gives rise to
hypodermal cells (Fig. 8). Hence elt-3 could either initiate,
or participate in the early stages of, the regulatory cascade
controlling the differentiation of these cells. elt-3 expres-
sion is maintained at an apparently constant level until the
2½-fold stage of development and so could also regulate
genes that are expressed in the hypodermis during elonga-
tion and the early phases of cuticle synthesis. The possibil-
ity that elt-3 is expressed at a low level in the hypodermis
during late embryonic and postembryonic development
suggests it may have additional functions later in develop-
ment. A priority of our future work will be to identify the
genes directly regulated by elt-3.
The expression of elt-3 in the dorsal and ventral but not
the lateral (seam) hypodermis reflects a fundamental divi-
sion of hypodermal cell types in C. elegans. The cells of the
dorsal and ventral epidermis are structurally and function-
ally similar to each other but distinct from cells of the
lateral hypodermis. During elongation, these two hypoder-
mal cell types show differences in the behaviour and
organisation of the microfilament and microtubule compo-
nents of the cytoskeleton (Priess and Hirsh, 1986). Two
genes proposed to be involved in the regulation of these
cytoskeletal changes, the Rho-binding serine/threonine ki-
nase let-502 and the myosin phosphatase regulatory sub-
unit mel-11, also show differential expression between
these two hypodermal cell types (Wissmann et al., 1997).
mel-11 is expressed at much higher levels in the dorsal and
ventral hypodermis than in the lateral hypodermis, whereas
let-502 shows a reciprocal expression pattern (A. Wissman,
s of reproduction in any form reserved.
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277Caenorhabditis elegans elt-3 Epidermal GATA Factorpersonal communication). There are also differences in the
cuticle secreted by the dorsal and ventral hypodermis and
FIG. 8. (A) Schematic representation of a 12-cell embryo. The four
(Sulston et al., 1983). (B) Lineage of one of the major hypodermal p
are indicated by “S” and all other hypodermal cell fates are indicate
initiates immediately after the final cell division that gives rise to
(at 20°C) is shown on the vertical axis and the times of onset
programmed cell death are marked “x”. Nonhypodermal cell fates
common nonhypodermal fate is neuronal, whereas for the C blastthe cuticle secreted by the lateral hypodermis (Singh and
Sulston, 1978). For example the cuticle collagen gene dpy-7
ouble-underlined splice acceptor sites have been shown, by cDNA seq
riggsae gene is a potential consensus splice acceptor site that does no
Copyright © 1999 by Academic Press. All rights expressed in the dorsal and ventral but not in the lateral
ypodermis (Gilleard et al., 1997), whereas the col-7 colla-
omeres that give rise to major hypodermal cells are shown in white
sors (ABpla) that gives rise to hypodermal cells. Lateral seam cells
“H”. Lineages that express elt-3 are shown in bold. elt-3 expression
dermal cells. The time of development after the first cell cleavage
t-1, lin-26, and elt-3 expression are indicated. Cells undergoing
ot marked; for the ABarp, Abpra, and ABpla blastomeres, the most
e it is muscle.blast
recur
d by
hypogen gene is expressed only in the lateral hypodermis (Liu et
al., 1995). Clearly, genes that are expressed in the sameFIG. 7. C. briggsae elt-3 gene. (A) Genomic organisation of C. briggsae and C. elegans elt-3 genes. Shaded boxes represent coding sequence
of exons and unshaded boxes represent noncoding sequence of exons. The black box indicates the DNA binding domain. The bar under each
untranslated 39UTR indicates the position of the regions of identity shown in C. (B) Sequence comparison of C. briggsae and C. elegans
predicted ELT-3 polypeptides. Intron positions are marked with arrows (C. briggsae above and C. elegans below). DNA binding domain is
haded. (C) Sequence alignment of conserved region in the 39UTRs of the C. briggsae and C. elegans elt-3 genes. Nucleotide positions are
elative to the first nucleotide of the elt-3 cDNA. (D) Sequence of intron 1/exon 2 junctions of C. briggsae and C. elegans elt-3 genes.uencing, to be utilised. The single-underlined sequence in the C.
t appear to be utilised (see text).
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278 Gilleard et al.subset of hypodermal cells as elt-3, such as dpy-7 and
mel-11, are candidate targets of elt-3 regulation. Indeed
promoter analysis has implicated a GATA site as a dpy-7
control element (Gilleard et al., 1997).
Interestingly, two other C. elegans GATA factors show
differential expression between the dorsal/ventral and lat-
eral hypodermis but their expression patterns are reciprocal
to that of elt-3. elt-1, which is initially expressed in all
ypodermal progenitor cells, disappears from the dorsal and
entral hypodermal cells shortly after they are born (i.e., at
he time that elt-3 expression is initiated) but remains
expressed in the lateral hypodermis throughout embryogen-
esis (Page et al., 1997). Also, reporter gene analysis of
nother recently identified C. elegans GATA factor sug-
ests this gene is expressed at much higher levels in the
ateral hypodermis than in the dorsal/ventral hypodermis
Joel Rothman, personal communication). Hence these
hree C. elegans GATA factors may determine, or at least
ontribute to, the fundamental differences between the
orsal/ventral and the lateral hypodermis.
Regulation of elt-3
The lineage origin of hypodermal cells in the C. elegans
embryo is complex (Sulston et al., 1983). The major hypo-
dermis is derived from four different precursor cells in the
12-cell embryo, each of which also gives rise to a variety of
other cell types (Fig. 8). Little is known about how these
complex lineage patterns are established. elt-1 and lin-26
are two genes that are known to be important for hypoder-
mal cell development and consequently could be involved
in elt-3 control (Fig. 8). We have shown that the normal
elt-3 expression pattern is established in the absence of
lin-26 function. This supports the proposal by Labouesse et
al. (1996) that the primary function of lin-26 is the mainte-
nance rather than the specification or differentiation of
hypodermal cells; the loss of lin-26 function results in the
gradual degeneration of hypodermal cells and only rarely in
cell fate transformations.
We have found that elt-1 mutant embryos contain an
average of only 5 elt-3-expressing cells compared to the 51
hypodermal cells that express elt-3 in wild-type embryos.
This result supports the conclusion of Page et al. (1997) that
elt-1 is required for the specification of most, if not all,
major hypodermal cells (as defined by Gendreau et al.,
1994). Hence the loss of elt-1 function causes the precursors
of most elt-3-expressing hypodermal cells to adopt alterna-
tive nonhypodermal cell fates. It is also possible that elt-1
could be a direct positive regulator of elt-3 since elt-1 is a
GATA factor and a cluster of GATA binding sites is present
upstream of the elt-3 gene. However, we do not believe this
to be likely, for the following reasons. First, elt-1 is initially
expressed and appears to specify hypodermal cell fates
several cell divisions before the onset of elt-3 expression
(Fig. 8) (Page et al., 1997). Second, although elt-1 is ex-
pressed in all the major hypodermal precursor cells and is
maintained in the lateral hypodermis, its expression disap-
Copyright © 1999 by Academic Press. All rightpears in the dorsal and ventral hypodermis shortly after
these cells are born; i.e., elt-1 expression is declining in the
same cells and at approximately the same time as elt-3
expression is beginning. These latter observations are more
consistent with one, or both, of these genes repressing the
expression of the other. Indeed, such a relation could
account for the observed expression patterns. For example,
if elt-1 were a repressor of elt-3, the loss of elt-1 expression
in the dorsal and ventral hypodermis but not in the lateral
hypodermis would result in the observed elt-3 expression
pattern. Conversely, if elt-3 were a repressor of elt-1,
initiation of elt-3 expression would downregulate elt-1
expression in the dorsal and ventral but not the lateral
hypodermis. The relation between elt-1 and elt-3 can in
principle be deciphered by ectopic expression experiments
and by examining elt-1 expression in elt-3 mutant embryos.
Although elt-1 is necessary for the majority of cells to
express elt-3, an average of five cells express the elt-3::GFP
reporter gene in elt-1 mutant embryos. These cells are born
at the same time as hypodermal cells in wild-type embryos
and also stain with the monoclonal antibody MH27 (a
hypodermal, pharynx, and gut cell marker). Hence there
appear to be a small number of elt-3-expressing hypodermal
cells that are specified in the absence of elt-1 function. Page
et al. (1997) described elt-1 as being expressed in all the
major hypodermal cells but not in the minor hypodermal
cells, as defined by Gendreau et al. (1994). There are four
minor hypodermal cells in the tail region of wild-type
embryos that express elt-3 (hyp-8, hyp-9, and 23 hyp-10).
Since these cells do not express elt-1 (Page et al., 1997 and
Page, personal communication), they are the most likely
candidates for the elt-3-positive cells present in elt-1 mu-
tant embryos. However, the average number of elt-3-
positive cells in elt-1 mutant embryos is actually five, not
four, and we have seen very occasional embryos with up to
nine positive cells (although in these cases the fluorescence
is extremely faint for some of the nuclei scored as positive).
It is possible that these additional nuclei are a consequence
of the severe disruption of morphogenesis in elt-1 mutant
embryos; i.e., disruption of cellular interactions could lead
to additional tail hypodermal cells being produced. Bower-
man et al. (1992) have described an example of such an
effect; the production of intestinal valve cells becomes
restricted to one of two possible precursor cells by a cellular
interaction during morphogenesis. When this interaction is
disrupted by blastomere ablation in wild-type embryos or
by deranged morphogenesis in lag-2 mutant embryos, twice
the normal number of valve cells is produced. Detailed
lineage analysis will be necessary to determine if a similar
mechanism explains the origin of the additional elt-3-
expressing cells in the elt-1 mutant embryos.
We do not yet know if elt-3 is an essential gene or whether
it is functionally redundant. We have been unable to produce
an obvious phenotype by RNA-mediated interference (Fire et
al., 1998) using single- or double-stranded elt-3 RNA (data not
shown). We are currently isolating a gene knockout by impre-
cise transposon excision. One piece of evidence that suggests
s of reproduction in any form reserved.
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highly related gene in C. briggsae and the precise conserva-
ion of many features of the gene.
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